The well-known, muscle-specific smooth muscle myosin light chain kinase (MLCK) (smMLCK) and skeletal muscle MLCK (skMLCK) are dedicated protein kinases regulated by an autoregulatory segment C terminus of the catalytic core that blocks myosin regulatory light chain (RLC) binding and phosphorylation in the absence of Ca 2+ /calmodulin (CaM). Although it is known that a more recently discovered cardiac MLCK (cMLCK) is necessary for normal RLC phosphorylation in vivo and physiological cardiac performance, information on cMLCK biochemical properties are limited. We find that a fourth uncharacterized MLCK, MLCK4, is also expressed in cardiac muscle with high catalytic domain sequence similarity with other MLCKs but lacking an autoinhibitory segment. Its crystal structure shows the catalytic domain in its active conformation with a short C-terminal "pseudoregulatory helix" that cannot inhibit catalysis as a result of missing linker regions. MLCK4 has only Ca 2+ /CaM-independent activity with comparable V max and K m values for different RLCs. In contrast, the V max value of cMLCK is orders of magnitude lower than those of the other three MLCK family members, whereas its K m (RLC and ATP) and K CaM values are similar. In contrast to smMLCK and skMLCK, which lack activity in the absence of Ca 2+ /CaM, cMLCK has constitutive activity that is stimulated by Ca 2+ /CaM. Potential contributions of autoregulatory segment to cMLCK activity were analyzed with chimeras of skMLCK and cMLCK. The constitutive, low activity of cMLCK appears to be intrinsic to its catalytic core structure rather than an autoinhibitory segment. Thus, RLC phosphorylation in cardiac muscle may be regulated by two different protein kinases with distinct biochemical regulatory properties.
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cMLCK | MLCK4 | kinase | calcium/calmodulin | crystallography U nlike most smooth and skeletal muscles, the muscle of a continuously beating heart never relaxes for an extended period as a result of cyclic increases and decreases in [Ca 2+ ] with activation/deactivation of myofilament contractile proteins. The heart is intricately linked to signaling modules, which regulate cardiac performance to meet the circulatory demands of the body. Within the contractile apparatus of the cardiac myocyte, fine tuning of cardiac contractile performance is partly achieved by posttranslational modifications of myofilament proteins. The main driver of muscle contractions is the ATPase activity of myosin molecules, which are hexamers comprised of two each of heavy chain, essential light chain, and regulatory light chain (RLC) subunits. RLCs of myosins are phosphorylated by myosin light chain kinases (MLCKs) to activate or modulate the myosin ATPase activity (1) .
The MLCK family is comprised of four distinct kinases, MLCK1, -2, -3, and -4, which are encoded by distinct genes (1) . Based on their muscle type-specific expression and activities, MLCK1 is known as smooth muscle MLCK (smMLCK), MLCK2 as skeletal muscle MLCK (skMLCK), and MLCK3 as cardiac muscle MLCK (cMLCK). MLCK4 remains uncharacterized, and tissue distribution of MLCK4 protein has not been reported. Without available crystal structures of any of the MLCKs, the mechanism of autoregulation has been defined by structural studies of other Ca 2+ /calmodulin (CaM)-dependent kinases combined with biochemical investigations of different MLCKs (2, 3) . The smMLCK and skMLCK are Ca 2+ /CaM-dependent protein kinases (CaMKs) with autoregulatory segments C-terminal of the catalytic core. In the absence of Ca 2+ /CaM, the autoinhibitory sequence N-terminal to the CaM binding sequence binds to the surface of the kinase C domain toward the catalytic cleft, blocking RLC binding. Ca 2+ /CaM binding to the CaM-binding sequence of the autoregulatory segment displaces the autoregulatory segment, exposing the catalytic cleft for RLC binding (4, 5) . Thus, the catalytic activity of these two MLCKs are completely dependent on Ca 2+ /CaM (1) . As cMLCK also has an autoregulatory segment, and RLC is dephosphorylated in nonbeating hearts, presumably because of reduced [Ca 2+ ] i (6, 7), expectations are that it is Ca 2+ /CaM-dependent like smMLCK and skMLCK. However, conflicting reports on the Ca 2+ /CaMdependency of cMLCK activity necessitate further investigation (8, 9) .
The extent of RLC phosphorylation in muscle cells is determined by balanced activities of MLCK and myosin light chain phosphatase(s) (1) . When heart extracts are processed by using Significance Chronic heart failure is associated with decreased cardiac myosin light chain kinase (MLCK; cMLCK) expression and myosin regulatory light chain (RLC) phosphorylation, similar to heart failure associated with mutations in numerous sarcomeric proteins. Although ablation of cMLCK expression reduces RLC phosphorylation sufficiently to cause heart failure, the residual phosphorylation indicates that another kinase also phosphorylates RLC. We find that MLCK4 is also expressed abundantly in cardiac muscle, and structural analyses indicate that it is a Ca 2+ /calmodulin (CaM)-independent kinase, in contrast to Ca 2+ /CaM-stimulated cMLCK. Biochemical kinetic analyses confirmed these structural predictions. These studies define distinct regulation of cMLCK and MLCK4 activities to affect RLC phosphorylation, and lay the foundation for RLC phosphorylation as a therapeutic target for heart failure.
procedures that minimize loss of RLC phosphorylation and maximize solubilization of myofilament proteins, cardiac RLC (cRLC) shows an average phosphorylation of 0.40 ± 1 mol phosphate/mol RLC in a variety of animals (6, 7, (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Selective ablation of the gene for cMLCK, but not skMLCK, decreases cRLC phosphorylation from 0.45 to 0.10 mol of phosphate/mol of RLC, showing kinase-specific effects in the heart (6, 11, 12, 21) . The decreased cardiac performance and dilation of the adult mouse heart associated with the attenuation of RLC phosphorylation in the cMLCK-KO animals is similar to the results obtained with knock-in mutant mice containing a nonphosphorylatable cRLC (18) .
RLC phosphorylation is reduced in human heart failure (22) (23) (24) (25) and in heart failure animal models (8, 26, 27) . Overexpression of MLCK in the heart increases the extent of RLC phosphorylation, which is associated with improved cardiac performance and attenuation of hypertrophic responses to stress (15, 27) . In addition, overexpression of an RLC phosphomimetic mutation S15D in the background of a hypertrophic cardiomyopathy-associated mutation D166V was recently shown to prevent the development of a disease phenotype associated with the overexpression of D166V mutant RLC (28) . Although animal studies have solidified the requirement of RLC S15 phosphorylation for normal cardiac performance (29) , and have confirmed that cMLCK is the primary protein kinase responsible for phosphorylation of RLC in ventricular muscle, information on the regulation of RLC phosphorylation and the enzymatic properties of cMLCK is conflicting (8, 9) . In addition, residual RLC phosphorylation (20-25% of normal RLC phosphorylation) in cMLCK-KO animals indicates that another MLCK could phosphorylate RLC.
Here we report that MLCK4 protein is expressed in the mouse heart at levels higher than in skeletal and smooth muscles. We also report the resolved structure of MLCK4, to our knowledge the first MLCK family member to be crystallized, and biochemically establish MLCK4 as a kinase for cRLC. Distinct from other MLCK family members, MLCK4 has a "pseudoregulatory helix" (PRH) in place of a full autoregulatory segment. From the crystal structure of MLCK4 and sequence comparisons with other MLCK family members, we hypothesized that MLCK4 would have Ca 2+ /CaM-independent kinase activity and cMLCK would be Ca 2+ /CaM-dependent. In vitro kinase assays with purified MLCK4 showed that it is a constitutive kinase as predicted by the crystal structure, but purified recombinant cMLCK and endogenous cMLCK immunoprecipitated from mouse hearts showed that cMLCK has Ca 2+ /CaM-independent and -dependent activities, contrary to predictions. MLCK chimeras were generated from cMLCK and skMLCK sequences, and activities compared with WT kinases to determine the contribution of the specific autoregulatory segment sequences to Ca 2+ /CaM-dependency. We report that cMLCK has high affinity for cRLC, ATP, and CaM, comparable to other MLCKs, and that the V max value of cMLCK is orders of magnitude lower than those of other MLCK family members.
Results

MLCK4 Is
Highly Expressed in Cardiac Myocytes. Tissue extracts from WT mice were prepared, and MLCK4 protein and GAPDH in lung, spleen, extensor digitorum longus muscle, soleus muscle, heart apex, and liver were compared. There was one band in the region of expected mass (44 kDa; Fig. 1A) , and the relative MLCK4 expression normalized to GAPDH was greatest in the heart (Fig. 1B) . Compared with the purified MLCK4 protein standard, MLCK4 was expressed at 0.12 μM based on previously published assumptions (6) . Expression of MLCK4 in cardiac myocytes was confirmed by immunohistochemistry ( Fig. 1C ) of mouse heart, and immunoblotting isolated adult mouse cardiac myocytes and cardiac nonmuscle cells (Fig. 1D) . Relative to the GAPDH-normalized MLCK4 content in heart tissue extracts, 98 ± 7% of the MLCK4 is expressed in cardiac myocytes. Preadsorption of the antibody mixture with purified MLCK4 removed MLCK4 band from all samples (Fig.  1E ), confirming specificity of the antibody. To obtain structural insight into the regulation of MLCKs, we crystallized MLCK4 and determined its structure at 2.7-Å resolution. By using several truncation constructs, an N-terminal truncation starting at residue K40 yielded stable protein and readily formed crystals. The structure was refined, maintaining favorable bond geometry to an R/R free of 19.2%/24.1% (Table 1 ). The final model included residues D80-Q373; thus. 40 residues at the N terminus as well as 11 residues at the C terminus were not visible in electron density maps and have been assumed to be disordered. In addition, no density was visible for the tip of the phosphate binding loop (P-loop) G113-Q119, and these residues have therefore not been modeled. The protein was crystallized in complex with a nonspecific ATP mimetic inhibitor [4-(2 amino-4-methyl-1,3-thiazol-5-yl)-n-(3-dioxaziridin-3-yl phenyl)pyrimidine-2-amine], which was used to stabilize the protein during crystallization.
As expected, the structure of MLCK4 revealed the typical bilobal architecture of protein kinase catalytic domains. The N terminus assumed an extended conformation containing also an extra-short β-sheet segment. Sheet β1 was highly twisted, including a short turn. The activation segment was fully ordered. The inhibitor bound to the ATP binding site formed a hydrogen bond to the hinge main chain (residue V183). A structural overview showing the main structural elements is shown in Fig. 2A .
The C terminus formed a short helix typical for autoinhibited CaMKs. Interestingly, in contrast to autoinhibited CaMKs, this helix was oriented away from the kinase domain. Superimposition with the autoinhibited structure of CaMK1D (Fig. 2B) showed that the extended linker region that allows the regulatory helix to interact with a deep groove formed by αD and αF is lacking in MLCK4, whereas at least two of the three hydrophobic residues that anchor the amphipathic regulatory helix to the kinase core (L366, L370) are still present in MLCK4. Thus, a short C-terminal helix is also conserved in MLCK4. This helix, however, cannot inhibit the catalytic domain because of missing linker regions. We therefore named this structural element PRH. In comparison with the autoinhibited CaMK1D structure, helix αD shifted inward, closing the binding groove of the regulatory helix. This rearrangement of αD has been observed in CaMKII as a result of CaM binding and is consistent with a constitutively active kinase (30) .
Structure-based alignments revealed the main residue conservation shared among CaMKs (Fig. 2C ). This analysis revealed a conserved helix insertion ("HPW") present in all compared CaMKs and a diverse linker region. The autoregulatory helices present in MLCKs were predicted based on the structure-based alignment and conserved hydrophobic residues anchoring the autoregulatory helix. Also, the missing linker region and the first turn of the autoregulatory helix is evident, suggestive of Ca 2+ /CaMindependent activity.
The Kinase Activity of MLCK4 Is Distinct from skMLCK. Kinase rates were measured to compare the Ca 2+ /CaM-dependent and -independent activities of MLCK4 to skMLCK. MLCK4 activity was not different in the presence and absence of Ca 2+ /CaM. The averaged V max value was 129 ± 6 mol phosphate/min/mol kinase, and the RLC K m value was 7.6 ± 1.1 μM (Fig. 3A) . The skMLCK has catalytic activity only in the presence of Ca 2+ /CaM; the V max value was 1,132 ± 54 mol phosphate/min/mol kinase and the K m value was 11.6 ± 2 μM (Fig. 3B ).
Immunoprecipitated cMLCK from Mouse Ventricles Has both Ca
2+
/CaMDependent and -Independent Activities. To resolve the discrepancy in the reported Ca 2+ /CaM dependency of cMLCK activity, a new custom antibody was generated against a peptide fragment N terminus of the catalytic core (Fig. 4A) . Comparison of cMLCK in input and unbound fractions showed an immunoprecipitation efficiency 85% (Fig. 4B) . Comparison of immunoprecipitated proteins from the hearts of cMLCK-KO and WT mice by Coomassie-stained gel analysis showed specific immunoprecipitation of cMLCK expressed in the heart (Fig. 4C) . Coimmunoprecipitation of other proteins specifically with cMLCK was not observed. Immunoprecipitated cMLCK was assayed for activity by measurement of 32 P incorporated over time, with purified cRLC (20 μM) in the presence and absence of Ca 2+ /CaM (Fig. 4D) . The initial kinase rate in EGTA normalized to cMLCK contents in assay mixtures was 50 ± 8% of the rate in the presence of Ca /CaM-independent activity measured with immunoprecipitated endogenous cMLCK, a truncation mutant was generated whereby the sequences N-terminal of the catalytic core were replaced with a GST-tag. The kinase was overexpressed by using the Sf9 insect cell system and affinity-purified in tandem with glutathione-agarose and CaMSepharose resins. cMLCK was purified to >90% purity ( Fig. 5A ) and assayed for activity in the presence and absence of Ca 2+ /CaM (Fig. 5B) . Kinase that selectively bound to CaM-Sepharose had Ca 2+ /CaM-dependent and -independent activities, consistent with the activities of full-length cMLCK immunoprecipitated from mouse ventricles. Kinase activity measured after thermal denaturation showed equivalent sensitivity to increased temperature in the presence and absence of Ca 2+ /CaM (Fig. 5C ). These results are not consistent with the possibility of two distinct populations of purified kinase accounting for the observed Ca 2+ /CaM-dependent and -independent activities. Validating the use of the truncated kinase to gain insight into the properties of cMLCK found in vivo, the purified kinase had Ca 2+ /CaMdependent and -independent activities when whole myosin or cardiac myofibrils were used as substrate (Fig. 5 D and E) . Phosphorylation of cMLCK was detected by autoradiograph from purified cMLCK incubated alone in assay conditions (Fig.  5E, lanes 1 and 4) . Extent of maximum cMLCK phosphorylation was measured by two methods, autoradiography of proteins on the same film as a 32 P standard curve and liquid scintillation spectrometry of incorporated 32 P in an extended assay (5-150 min) of kinase phosphorylation (Fig. 5F ). Autoradiography and calculation from a standard curve showed that 7.5% of total cMLCK protein in Ca 2+ /CaM and 6.6% in EGTA were phosphorylated in the absence of other specific substrates. Addition of BSA did not affect the extent of phosphorylation. Liquid scintillation spectrometry measurements showed that the maximum extent of phosphorylation was 2.6% of total kinase, and the calculated rate of autophosphorylation was 0.008 mol 32 P incorporated/min/ mol kinase. The low extents and rates of autophosphorylation, along with the absence of autophosphorylation in the presence of RLC, indicate that cMLCK is probably not significantly autophosphorylated in vivo. kinase and a K m of 3.4 ± 0.4 μM. In EGTA, the V max value was 0.7 ± 0.1 mol phosphate/min/mol kinase and K m was 4.4 ± 0.9 μM (Fig. 6A) . The ATP K m value in the presence and absence of Ca Chimeras of cMLCK and skMLCK were designed to determine contributions of distinct autoregulatory sequences to the unique properties of cMLCK (Fig. 7) . The cMLCK chimeras were generated whereby the whole autoregulatory segment, or CaM-binding sequence only, were exchanged with that of skMLCK. In addition, skMLCK chimeras with cardiac autoregulatory or CaM binding sequences were generated to determine effects of the cardiac sequences on the Ca 2+ /CaM-dependency of skMLCK. Chimeras were compared with WT cMLCK and skMLCK.
Comparisons of V max and K m values of cMLCK chimeras vs. WT controls showed that the low activity of cMLCK did not increase with skMLCK sequences (Fig. 8 and Table 1 ). In addition, the presence of skMLCK autoregulatory sequences did not affect the Ca 2+ /CaM-independent activity of cMLCK (Fig.  8) . Comparisons of V max and K m values of skMLCK chimeras vs. WT controls showed no effect of cardiac CaM binding sequence on skMLCK activity, consistent with the comparable K CaM values for cMLCK and skMLCK. Exchange of the whole autoregulatory segment of skMLCK for cardiac sequence caused a 100-fold decrease in V max , from 3,204 ± 283 mol phosphate/min/mol kinase. When only the CaM binding sequence was from cMLCK, the V max value was 29 ± 2 mol phosphate/min/mol kinase. The K m increased from 7.4 ± 2 μM with cardiac CaM-binding sequence only to 24 ± 5 μM with the whole cardiac autoregulatory segment. Exchange of the skMLCK's autoregulatory sequence for that of cMLCK sequence caused the appearance of Ca 2+ /CaMindependent activity (Fig. 8) . Because of the high K m value of >200 μM in EGTA, the V max value for Ca 2+ /CaM-independent activity could not be accurately measured by using cRLC. However, the significant kinase activity in EGTA suggests that replacement of the skMLCK autoregulatory segment with cardiac sequences partially activates the kinase, mimicking the constitutive activity of cMLCK.
Discussion
Increased cRLC phosphorylation in vivo is associated with improved cardiac performance and resistance to maladaptive hypertrophy (15, 27) . Moreover, RLC phosphorylation is decreased in several models of heart failure, underscoring the importance of cRLC phosphorylation for normal cardiac function. With the exceptions of two recent reports (31, 32) , ventricular cRLC is reported to be phosphorylated in normal beating hearts, at approximately 0.40 mol phosphate/mol RLC when tissue extraction minimizes phosphatase activity with reasonable recovery of total myofilament proteins (6, 7, 11-13, 15-20, 24, 27, 33-39) . We and others have previously reported that cMLCK is the primary kinase responsible for RLC phosphorylation (8, 9, 40) , but, in the conventional KO animal hearts, RLC phosphorylation at S15 is not completely abolished (6). Thus, another kinase is present in the heart that phosphorylates RLC in the absence of cMLCK.
We know skMLCK is not expressed in the heart (21), and smMLCK is not a kinase for cRLC (9) . After careful evaluation of commercially available antibodies toward MLCK4 (Fig. S1) , we have found that MLCK4 is a soluble protein kinase significantly expressed in the heart, so we explored its biochemical properties. We solved a crystal structure of MLCK4, providing what is, to our knowledge, a first model for the MLCK family. Surprisingly, we found that a short regulatory helix is still present in MLCK4. As a result of deletions in the linker region to helix αI and the first turn of the regulatory helix, this structural element forms a PRH that does not inhibit catalysis. Additionally, there is no Ca 2+ /CaM binding sequence. Enzymatic assays confirmed that MLCK4 is indeed a constitutively active kinase with no Ca 2+ /CaM-dependency. The amount of MLCK4 expressed in cardiac myocytes is 20-fold less than cMLCK (6), but MLCK4 has a V max value that is 50-fold higher than cMLCK in vitro (Table 1) . Thus, MLCK4 is potentially a significant contributor to RLC phosphorylation in intact cells, indicating that MLCK4 is a candidate kinase responsible for the residual 20-25% of the 0.4 mol phosphate/mol RLC in cMLCK-KO hearts. This hypothesis needs to be tested, and potential regulatory mechanisms for MLCK4 remain to be investigated. Potential roles of MLCK4 in noncardiac tissues also need exploration.
RLC is dephosphorylated in nonbeating hearts and rephosphorylated with restoration of rhythmic contractions (6, 7, 41) . Thus, cMLCK activity may be regulated by cytosolic [Ca 2+ ], similar to the regulation of smMLCK and skMLCK activities (1). However, there are two conflicting reports on the Ca 2+ /CaM-dependency of cMLCK activity (8, 9) . One study added no magnesium to form MgATP as a kinase substrate, and thus addition of EGTA probably inhibited cMLCK activity as a result of chelation of all divalent metal ions (9) . The other study used RLC concentrations too low to accurately assess V max values (8) . Whether cMLCK is Ca 2+ /CaM-dependent is important to resolve biochemically to identify and understand the regulatory mechanisms for RLC phosphorylation in vivo.
We took two approaches to investigate whether cMLCK activity is Ca 2+ /CaM-dependent. First, we expressed and purified the kinase domain of cMLCK, which is comprised of the catalytic core and autoregulatory segment. Control experiments confirmed activities measured were from the expressed kinase (Fig. S2) . Kinase assays were performed with purified RLC, intact cardiac myosin and cardiac myofibrils. Second, we generated a custom antibody raised to an epitope N-terminal of the catalytic core which efficiently immunoprecipitates cMLCK directly from heart extract for measurement of cMLCK for kinase activity. The immunoprecipitation of cMLCK provides purification to control for any nonspecific protein kinase activity that may be comparable to the low cMLCK activity in total cell lysates. With both approaches, we measured low cMLCK activity in EGTA that was stimulated by Ca 2+ /CaM. The K m values for RLC and ATP were similar to those reported for skMLCK and smMLCK (3, (42) (43) (44) . Additionally, the K CaM value of the Ca 2+ /CaM stimulated activity of cMLCKwas also similar to values reported for skMLCK and smMLCK (3). The primary difference in Ca 2+ /CaM-independent and Ca 2+ /dependent activities are in the V max values. We were careful to use RLC concentrations that were greater and less than the K m values to accurately determine these V max values (45) .
Comparison of the Coomassie-stained proteins that were immunoprecipitated from WT and cMLCK-KO hearts did not reveal any coimmunoprecipitated proteins associated specifically with cMLCK. This result is consistent with our previous reports that cMLCK is soluble in heart homogenates, and that ectopically overexpressed GFP-tagged cMLCK diffuses out of detergenttreated live adult cardiac myocytes (6, 12) . Collectively, these results suggest that cMLCK does not form a complex with another protein in the heart that might affect its activity. cMLCK was reported to be autophosphorylated (8) , and we have also observed autophosphorylation. skMLCK is known to be rapidly autophosphorylated by an intramolecular mechanism, but the phosphorylation does not affect its catalytic activity, and a potential function remains unrecognized (13) . Measurements of the low extent and rate of cMLCK autophosphorylation in vitro, and lack of autophosphorylation in the presence of its physiological substrate RLC, indicates that it is not likely to be a significant physiological regulatory mechanism. This conclusion does not negate regulation of phosphorylation from other protein kinases.
The low kinase activity (i.e., V max value) and Ca 2+ /CaMindependent activity that is stimulated by Ca 2+ /CaM are two properties that distinguish cMLCK from smMLCK and skMLCK (Table 2) . Unlike smooth and skeletal muscles with defined contraction and relaxation mechanisms, the heart beats continuously and never fully relaxes for any extended period. Based on the apparent high affinity of Ca 2+ /CaM for cMLCK, the rate of dissociation of CaM from cMLCK is predicted to be slow (on the order of sec ) with diffusion-limited binding and activation (46) . In a beating heart, cMLCK may thus be saturated with Ca 2+ /CaM, with maximal activity. However, limited RLC phosphorylation in beating hearts suggest that the low activity of cMLCK is in balance with slow dephosphorylation by myosin light chain phosphatase activity, consistent with a slow RLC phosphate turnover rate (14) . In nonbeating hearts, cMLCK activity in the absence of Ca 2+ /CaM is not sufficient to exceed the phosphatase activity to maintain 40% phosphorylation. Thus, stimulation by Ca 2+ /CaM allows fine tuning of RLC phosphorylation by cMLCK.
A shared property between autoregulated MLCKs is the presence of an autoinhibitory sequence N-terminal of the CaM binding sequence. We argued that, if cMLCK was constitutively partially autoinhibited, it would have low kinase rates and activity in the absence of Ca 2+ /CaM. This possibility was tested by comparing kinase rates of chimeric cMLCK and skMLCK, whereby the autoregulatory sequences were exchanged. The Ca 2+ /CaMindependent activity of cMLCK did not disappear when the autoregulatory sequence was changed to sequences of skMLCK, and the V max value did not increase, which suggests that the low kinase rate and constitutive activity is intrinsic to the catalytic core sequence. Interestingly, exchanging the autoregulatory sequence of skMLCK for cardiac sequences caused an increase in Ca 2+ /CaM-independent activity and a large decrease in V max for the skMLCK catalytic domain. The distinct effects of exchanging the autoregulatory sequences of cMLCK and skMLCK could be caused by differential destabilization of the catalytic core. In the absence of Ca 2+ /CaM, the autoinhibitory sequence of skMLCK may bind into the catalytic cleft, stabilizing the catalytic core in a closed conformation (5, 47) . The cardiac autoregulatory sequence in the skMLCK chimera may not effectively inhibit the catalytic domain in the absence of Ca 2+ /CaM. For both kinases, detailed structural information is necessary to determine the intermolecular interaction between the catalytic core and autoregulatory segment.
In summary, the low constitutive activity of cMLCK stimulated by Ca 2+ /CaM is a distinct property that is not shared by other MLCK family members, and it appears to be intrinsic to the catalytic core sequence. This Ca 2+ /CaM-stimulated activity over Ca 2+ /CaM-independent cMLCK appears to maintain RLC phosphorylation at 0.40 mol phosphate/mol RLC, which is necessary for normal cardiac performance. Additionally, MLCK4 may also contribute to the extent of RLC phosphorylation in cardiac muscle.
Materials and Methods
Animals. All procedures were performed in accordance with the institutional animal care and use guidelines at University of Texas Southwestern Medical Center, with all animal experimental procedures reviewed and approved by the institutional animal care and use committee. Animals were housed under standard conditions in the rodent facility. Statistical Analyses. Data are expressed as mean ± SE. Statistical evaluation was carried out in GraphPad Prism using ANOVA with Dunnett's posttest for comparison with control. Significance was accepted at a value of P < 0.05.
Quantification of MLCK4 Protein. Tissues from WT anesthetized mice were homogenized in 30× volume of homogenization buffer (50 mM Tris, pH 8.0, 50 mM NaF, 1% Nonidet P-40, 2 mM EGTA, 0.1% sodium deoxycholate, 0.1% Brij-35, 2× Halt Protease Inhibitor mixture, 10 μM E-64) and lysed on ice for 15 min, and the supernatant fraction was collected after centrifugation at 20,000 × g for 2 min. Adult cardiac myocytes and cardiac nonmuscle cells were isolated as previously described (6) . Cells were lysed in the tissue homogenization buffer. Protein concentration was determined by Bradford assay, and 10 μg of total protein was boiled in 1× LDS Buffer (Invitrogen) with reducing reagent (Invitrogen) and separated by 4-12% Bolt gradient gel (Invitrogen). Separated proteins were immunoblotted for MLCK4 and GAPDH. Antibody to MLCK4 was from Abcam (Ab179395), and antibody to GAPDH was from Santa Cruz (sc25778). Antibody to cMLCK was previously described (6) .
Tissue Harvest and Preparation. Heart for immunohistochemistry was harvested from anesthetized mice and fixed via retrograde perfusion with 4% (wt/vol) paraformaldehyde, freshly prepared in PBS solution. Subsequent paraffin processing, embedding, and sectioning were performed by standard procedures (48, 49) .
Immunohistochemistry. Rabbit anti-sera used for MYLK4 immunolabeling of paraffin heart sections was obtained from Abcam (Ab179395). Following deparaffinization and heat antigen retrieval with 10 mM Tris/1 mM EDTA, 0.05% Tween-20 (pH 9.0), sections were blocked against endogenous peroxidase activity and secondary antibody host-serum affinity. Serial sections were then subjected to primary antibody (1:33 dilution of commercially supplied stock) or normal rabbit serum and incubated overnight at 4°C. Subsequent biotin/streptavidin HRP detection of bound primary was conducted the following day according to previously described immunoperoxidase methods (50, 51) .
Immunoprecipitation. Ventricles from WT or cMLCK-KO anesthetized mice were rapidly frozen in liquid nitrogen and stored at −80°C. Frozen ventricles were homogenized/thawed for 1 min by using a ground-glass homogenizer in 10× volume of homogenization buffer (50 mM Tris, pH 8.0, 50 mM NaF, 1% Nonidet P-40, 2 mM EGTA, 0.1% sodium deoxycholate, 0.1% Brij-35, 2× Halt Protease Inhibitor mixture, 10 μM E-64). Homogenates were lysed on ice for 15 min, and then supernatant fraction was collected after centrifugation at 20,000 × g for 2 min. Protein-A agarose (Thermo Fisher) prebound with a polyclonal antibody raised to a peptide N terminal to the catalytic core of mouse cMLCK, designed and produced by Genscript, was used to immunoprecipitate endogenous cMLCK from the supernatant fraction. Antibodybound beads were incubated with the supernatant fraction for 2 h, rocked at 4°C, then washed three times in PBS solution. Immunoprecipitated proteins were eluted by boiling in 1× LDS buffer (Invitrogen) with reducing reagent (Invitrogen) and separated by 4-12% Bolt gradient gel (Invitrogen). Separated proteins were visualized by staining with Coomassie (Sigma).
Immunoblot of Phosphorylated Myosin. Myosin was purified from mouse ventricles by using low-salt precipitation steps at 4°C, similar to the original protocol by Murakami and Uchida (52) . Purified mouse cardiac myosin was phosphorylated in vitro with purified GST-cMLCK for 15 min at 30°C. Reactions were terminated with addition of 10% trichloroacetic acid containing 10 mM DTT. Precipitated protein was washed free of acid with three 5-min washes in ethyl ether and resuspended by vigorous agitation N C CatalyƟc Core Autoregulatory sequence in urea sample buffer (8 M urea, 20 mM Tris base, 23 mM glycine, 0.2 mM EDTA, 10 mM DTT) by using an orbital shaker (IKA Vibrax VXR) set at 1,400 rpm for 30 min at room temperature. Complete denaturation and solubilization was achieved by further addition of urea crystals and prolonged agitation. Solubilized proteins were subjected to 30 μM Phostag-10% SDS/PAGE after boiling in Laemmli buffer and transferred to PVDF (Immobilon-P; Millipore). Proteins were fixed onto the PVDF membrane with 0.4% glutaraldehyde/PBS solution for 15 min at room temperature. The membrane was then rinsed three times in PBS solution and immunoblotted with antibody to cRLC (Enzo).
Kinase Activity Assay. Kinase activities were assayed in 10 mM Mops, pH 7.4, 5 mM MgCl 2 , 100 mM NaCl, 0.3 mM CaCl 2 or 3 mM EGTA, 1.5 μM CaM, 1 mM DTT, and 0.2 mM [γ- Expression and Purification of Kinases. All kinases were expressed in Sf9 cells and affinity-purified. Cells were lysed for 20 min in 20 mM Mops, pH 7.4, 0.5 mM EGTA, 1% Nonidet P-40, 1 mM DTT, 1× Halt Protease Inhibitor mixture (Pierce), and 10 μM E-64. Lysates were centrifuged for 30 min at 20,000 × g (Beckman Coulter), and supernatant fractions were collected for purification procedures. GST-tagged cMLCK and chimeras were purified with glutathioneagarose (ThermoFisher) and CaM-Sepharose (GE Healthcare) by using procedures found in the instruction manual. skMLCK was a gift from Kathy Trybus, University of Vermont, Burlington, VT.
Crystallization of MLCK4. MYLK4 (residues K40-K388) in frame with an N-terminal His tag and TEV protease site (MGHHHHHHSSGVDLGTENLY FQ^SM) was expressed in Sf9 cells at 27°C. After 48 h infection by the virus, the cells were harvested by centrifugation, washed once with PBS solution, and resuspended in 3 three volumes of lysis buffer (50 mM Hepes, 300 mM NaCl, 5% glycerol, pH 7.5, 1 mM TCEP, 1:1,000 dilution of protease inhibitor mixture; Promega). The cell suspension was then lysed by sonication, and the lysate was cleared by centrifugation in a Beckman JA-17 rotor at 36,000 × g for 45 min. The supernatant fraction was mixed with 10 mL of 50% Ni-NTA slurry. The mixture was rotated for 1 h at 4°C and then loaded on a column, which was washed with 150 mL of wash buffer (50 mM Hepes, 300 mM NaCl, 5% glycerol, pH 7.5) and wash buffer with 25 mM imidazole. The protein was eluted using 300 mM imidazole in wash buffer. The eluate of the nickelaffinity column was diluted in 50 mM Hepes, 5% glycerol to achieve a final NaCl concentration of 150 mM and loaded onto an anion-exchange HiTrap Q FF column. The protein was eluted by using a liner gradient ranging from 150 mM to 2 M NaCl in 50 mM Hepes, 5% glycerol, pH 7.5. The fractions containing recombinant MLCK4 were pooled, concentrated, and applied to a Superdex 75 GF column equilibrated in GF Buffer (50 mM Hepes, 300 mM NaCl, 5% glycerol, pH 7.5). The eluted protein was more than 95% pure as judged by SDS/PAGE. Liquid chromatography electrospray ionization MS (time-of-flight) revealed the expected mass of the protein (42,433 Da) as predicted from the expressed sequence after TEV cleavage. This purified kinase was used for kinase assays herein.
Crystals were grown at 4°C in 300-nL sitting drops from a 2:1 ratio of protein (10 mg/mL) to reservoir solution containing 2 M ammonium sulfate and 2.5 wt/vol PEG400 in Hepes buffer (50 mM), pH 8.0. The ATP mimetic inhibitor [4-(2 amino-4-methyl-1,3-thiazol-5-yl)-n-(3-dioxaziridin-3-yl phenyl)pyrimidine-2-amine] was added to the concentrated protein from a 50-mM DMSO stock solution. For data collection, crystals were cryoprotected by using the well solution supplemented with 2 M Li 2 SO 4 and flash-frozen in liquid nitrogen. Diffraction data were collected from a single crystal on Diamond beamline IO2 at a single wavelength of 0.9802 Å, and the structure was refined to 2.8 Å. Indexing and integration was carried out by using MOSFLM (54) , and scaling was performed with SCALA (55). The structure was solved by molecular replacement (PHASER) using the structure of Protein Data Bank (PDB) ID code 1KOB as a starting model (56) . COOT was used for model building, and refinement was carried out in REFMAC5 (57, 58) . Thermal motions were analyzed using TLSMD, and defined domains were used in later cycles of refinement. The coordinates have been deposited in the PDB with the accession code 2X4F. /CaM-dependent values for smMLCK and skMLCK were previously published (3, (42) (43) (44) .
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